Dodder (Cuscuta spp.) is a problem weed in various horticultural crops (Dawson et al., 1984) , including carrot. Dodder is a phanerogamic parasite that invades host plants by means of haustoria. The haustoria grow between the host cells and produce "hyphae" of two types. Search hyphae grow either interor intra-cellularly until contacting host sieve tube elements. The tip of the hyphae differentiates several finger-like projections, the contact hyphae. These grow between the sieve tube element and the surrounding host cells (Kuijt, 1977) . It is through the haustoria that dodder obtains photoassimilates from the host plant. There is evidence that dodder obtains the majority of its growth substances from the host phloem (Wolswinkel, 1977) . Phloem-mobile herbicides, such as glyphosate (GLY), are more efficient in entering dodder tissue from the host than are xylemmobile herbicides (Fer, 1981) .
GLY is a broad-spectrum herbicide with value as a postemergence control agent for various weed species (Baird et al., 1971) . GLY moves in the symplast in a source-to-sink fashion (McAllister and Haderlie, 1985) . Putnam (1976) found 92% to 98% of applied GLY as the parent compound 90 days after application to deciduous fruit trees, indicating that plant metabolism of GLY is negligible. Control of dodder growing parasitically on crop plants maybe possible with broadcast applications of GLY (Bewick et al., 1988a; Dawson and Saghir, 1983) . In cranberry, GLY applied to leaves above the berry was not translocated into the berry (Bewick et al., 1988b) , indicating that it may be safe to apply GLY directly to crops for human consumption. Carrot can tolerate as much as 0.8 kg GLY/ha without reduction in root yield, depending on environmental conditions (R. Jacobsohn, personal communication, Vegetable Crops Dept., Volcani Inst., Bet Dagan, Israel). In field research, two applications of 0.6 kg·ha -1 spaced 1 week apart did not reduce carrot yield, while dodder infestation was controlled (Bewick et al., 1988a) .
We determined whether the physiological sink created by dodder in the host plant prevented accumulation of GLY in the edible portion of carrot and whether swamp dodder stems were able to absorb GLY.
Materials and Methods

Short-term absorption and translocation of
14 C-labeled GLY in carrot. Carrot plants were grown in a computer-monitored controlled environment. 'Danvers 126' carrots were seeded into a commercial soil mix in 15-cm-diameter plastic pots (2650 cm 3 ) and thinned to one plant per pot. The environmental conditions during growth were: radiation, 760 µmol·m -2 ·s -1 ; 16-h photoperiod, lights on and off gradually (0.5 h at 20%, 0.5 h at 50%, then 100%); relative humidity, 70% day and night; automatic watering, 3.5 min every 6 h with half-strength Hoagland's solution (Hoagland and Arnon, 1950) ; temperature, 25C day/20C night. The experiment was arranged as a randomized complete block with four replications. Each replication was a single pot. The experiment was repeated.
When the carrot had four leaves, newly emerged dodder seedlings were placed in contact with the third oldest leaf 1 cm above the soil surface. The dodder seedlings were grown by planting scarified swamp dodder seeds in foam plugs (Castle and Cooke Techniculture, Salinas, Calif.) and placing them in a dark growth chamber at 30C. The host-parasite system was allowed to grow for 2 weeks after parasitism occurred.
14 Carbon-labeled methyl GLY (0.25 µCi; 1 Ci = 37 GBq) was applied to the parasitized leaf. The labeled herbicide had a specific activity of 1.97 µCi/µmol and was mixed with distilled water to a concentration of 2.02 µCi/ml.
14 Carbon-labeled GLY was mixed with the commercial herbicide formulation so that 2.57 µmol of total GLY was applied to each plant (Coupland and Peabody, 1981; Davis et al., 1979) . Less than 0.001 µmol was applied as the free acid. Distilled water was added to the mixture so that 0.5 ml of solution was applied to each plant with a micropipette. Carrot plants not infected by dodder were Abbreviations: DAT, days after treatment; GLY, glyphosate. treated with the GLY mixture at the same time and in the same manner.
Carrot plants, four each for infected and control plants, were harvested 1, 7, and 14 days after treatment (DAT). At harvest, the treated leaves were washed with two 10-ml aliquots of a solution containing 10.0% ethanol, 89.9% distilled water, and 0.1% polysorbate [polyoxyethylene (20) sorbitan monolaurate] to remove any GLY that remained on the leaf surface (Devine et al., 1984; Waldecker and Wyse, 1985) . Dodder stems were rinsed with the same solution. The carrot plants were divided into parts that represented physiological sinks: treated leaf, petiole of treated leaf, crown, youngest leaf at application, new leaves formed after application, top third of taproot, middle third of taproot, and bottom third of taproot.
Tissue was weighed, lyophilized, and reweighed. The lyophilized tissue was ground in a Wiley mill and, when necessary, 50-mg subsamples were taken. The samples (or subsamples) were oxidized in a biological oxidizer (Harvey Instrument Co., Hillsdale, N.J.), which trapped the 14 CO 2 in a scintillation cocktail. The amount of 14 C-labeled GLY present in the tissue was determined by scintillation spectrometry (Rackbeta, LKB Instruments, Gaithersburg, Md.). Background radiation was determined by combusting 50-mg samples of mannitol, trapping the CO 2 in the same cocktail as the samples, and using scintillation spectrometry. The mean value for background radiation was subtracted from the values for the samples before statistical analysis. Oxidizer efficiency was determined by adding 10,000 dpm of 14 C-labeled glutamic acid to 50-mg samples of mannitol, combusting it in the oxidizer, and using' scintillation spectrometry. Sample values were divided by the mean value of oxidizer efficiency before statistical analysis of the data.
Long-term absorption and translocation of 14 C-labeled GLY in carrot. 'Danvers 126' carrots were seeded into a commercial soil mix in 23-cm-diameter plastic pots (10,500 cm 3 ) and thinned to one plant per pot. The plants were grown in a greenhouse at 15 to 30C under natural daylight and photoperiod. An automatic watering system ran four times per day for a total of 12 min. Drip tubes (three per plant) were used to prevent rinsing GLY from the foliage. The plants were. infected with dodder and treated with 14 C-labeled methyl GLY as before. The plants were allowed to grow 45 DAT before harvest. Carrots harvested at this time were 108 days old, which corresponds to the length of time commercial processing carrots are grown in the field. The experiment was arranged as a randomized complete block with four replications. Each replication was a single pot. The experiment was repeated.
Plants were harvested with the same procedure as before. The lyophilized tissue was subsampled (50 mg) by grinding in a mortar and pestle under liquid nitrogen. Samples (or subsamples) were oxidized (Model 306 Packard oxidizer; Packard Instrument Co., Downers Grove, 111.) and the amount of label present determined by scintillation spectrometry (Beckman LS7500; Beckman Instruments, Irvine, Calif.). Background radiation was determined by combusting 50-mg samples of untreated carrot root tissue; oxidizer efficiency was determined by applying 30,000 dpm of 14 C-labeled hexadecane to 50-mg samples of mannitol, combusting, and using scintillation spectrometry. Sample values were modified, as noted, before statistical analysis.
Absorption of 14 C-labeled GLY directly by dodder. This experiment was done to determine whether the presence of swamp dodder in the field could have prevented the GLY spray from reaching the carrot foliage while causing phytotoxic effects in the dodder. Carrot and dodder were grown as previously described. The dodder stem was forced to grow into an inverted 25-ml scintillation vial. After filling with dodder tissue, the vial was righted and the dodder was treated with 0.25 µCi of 14 Clabeled GLY mixed with the commercial formulation as before. Distilled water was added to the vial to cover the dodder tissue. The dodder tissue was harvested 1 DAT.
General and statistical procedures. Analysis of variance revealed there were no interactions between experiments; thus, the data were combined across experiments. Data for 14 C content were square-root transformed to ensure equal variance among the samples. Data were analyzed with a two-way analysis of variance of the square root of the disintegrations per minute per milligram of dry weight and means were compared with a protected LSD at P = 0.05.
Percent GLY absorption was determined by multiplying the total weight of the various tissues at each sample date by the disintegrations per minute per milligram of dry weight for that tissue, adding all values together to determine the total disintegrations per minute on a whole-plant basis, dividing the sum by the total disintegrations per minute applied, and multiplying by 100. Total disintegrations per minute applied was calculated by multiplying microCuries applied by 2.2 × 10 6 dpm/µCi. Analysis of variance was used to determine whether absorption increased with time, and means were separated with a protected LSD at P = 0.0.5.
A concentration in parts per million, based on dry weight, was calculated for the carrot tissue at each sample date. The total dry weight of the various tissues was multiplied by the disintegrations per minute per milligram of dry weight. The product was converted into a percentage of the total disintegrations per minute applied, as previously described. The total amount of GLY applied per plant was multiplied by the percentage of 14 C-labeled GLY that had been translocated to the tissue to determine the number of micromoles of GLY in the tissue. This product was multiplied by the molecular weight of GLY (169.1 g·mol -1 ) to yield the weight of GLY in the tissue. The concentration was determined by dividing the weight of GLY in the tissue by the total tissue weight. The concentration of GLY in the entire root was determined by adding the total dpm for the three root sections to yield total dpm for the whole root. This sum was converted to a concentration as described above. Two-way analysis of variance was used to determine whether the concentration of GLY in the various tissues or the whole root increased with time. Means were separated as before.
Two-way analysis of variance using indicator variables (Snedecor and Cochran, 1982) was used to determine whether dodder infection protected the carrot plants from the herbicidal effects of GLY. The indicator variables were plant part sampled and whether or not a plant was infected with dodder.
Results and Discussion
Absorption and translocation of 14 C-labeled GLY in carrot. On a whole-plant basis, absorption of 14 C-labeled GLY was not increased by dodder infection, as determined by the indicator variable analysis. GLY absorption in the whole plant increased from 14% 1 DAT to 27% 7 DAT and 56% 14 DAT. Absorption did not increase from 14 to 45 DAT (55%).
Day 1 after treatment. 14 Carbon-labeled GLY could be detected in all carrot root tissue 1 DAT (Table 1) The treated leaf of plants infected or. not infected by dodder contained more 14 Clabeled GLY than the other tissues sampled. The petiole from the treated leaf of the dodder-infected plant contained less 14 Clabeled GLY than the treated leaf but more than the other tissues. All other tissues, including the dodder, had about the same level of 14 C-labeled GLY (Table 1) . In plants not infected with dodder, the youngest leaf at application and the petiole of the treated leaf contained more 14 C-labeled GLY than did the top or middle third of the carrot root (Table l) . At 1 DAT, the root of the dodder-infected carrot and the root of the carrot not infected with dodder contained similar concentrations of GLY (1.0 vs. 0.4). The GLY concentration in the various tissues sampled (Table 1) followed the same pattern as that obtained for 14 C-labeled GLY content (Table 2) . Day 7 after treatment. At seven DAT, the treated leaves of plants either infected or not infected by dodder contained more 14 C-labeled GLY than any of the other tissues sampled. The dodder tissue contained as much 14 C-labeled GLY as the petiole of the treated leaf and more than any other sink in the plant (Table 1) . In both the dodder-infected and noninfected plants, the leaves formed after application contained more 14 C-labeled GLY than any parts of the carrot root (Table 1 ). There also was more 14 C-labeled GLY in the young, rapidly expanding leaves than in the roots of plants that were not infected with dodder (Table 1 ). This result indicates that early in the growth of carrot plants, newly forming leaves are stronger physiological sinks than the roots. Again, the root of plants either infected or not infected by dodder contained similar concentrations of 14 C-labeled GLY (13 vs. 6 ppm). The GLY concentration in the various tissue samples followed the same pattern as that obtained for 14 C-labeled GLY content (Table 2) . Day 14 after treatment. At 14 DAT, the treated leaf of dodder-infected plants contained more 14 C-labeled GLY than any other tissue sampled. The dodder tissue contained as much 14 Clabeled GLY as the leaves formed after application and more than the petiole of the treated leaf ( Table 1 ), indicating that the dodder tissue was acting as a strong physiological sink. The root as a whole had accumulated more 14 C-labeled GLY than the other tissue sampled (Table 1) . In plants not infected by dodder, the leaves formed after application contained as much Concentration calculated on a weight-to-weight basis.
14 C-labeled GLY as the treated leaf, as did the top third of the carrot root (Table 1 ). In plants not infected by dodder, a gradation in the amount of 14 C-labeled GLY in the root was found ( Table 1 ). The GLY concentration in the root of plants either infected or not infected by dodder was the same (20 ppm). The GLY concentration in the various tissues sampled followed the same pattern as that obtained for 14 C-labeled GLY content (Table 2).
Day 45 after treatment. At 45 DAT, the treated leaves of plants infected with dodder or not infected contained more 14 Clabeled GLY than any other tissue. In plants infected with dodder, the petiole of the treated leaf and the dodder tissue contained more 14 C-labeled GLY than any other tissue sampled (Table 1) . In plants not infected with dodder, the petiole of the treated leaf contained more 14 C-labeled GLY than any of the other tissues sampled (Table 1) . In both dodder-infected and noninfected plants, all the other physiological sinks tested contained the same levels of 14 C-labeled GLY. As at the other harvest dates, the concentration of GLY in the whole roots was not significantly affected by the dodder status of the plants ( ≈ 2 ppm). Also, as at the other harvest times, the GLY concentration in the various tissues sampled followed the same pattern as that obtained for 14 C-labeled GLY content ( Table 2 ). The concentration of GLY in the entire roots gradually increased from 1 to 14 DAT, and then diminished from 14 to 45 DAT. Similar trends were seen in the treated leaves, the petioles of the treated leaves, and the crowns ( Table 2) . The plants at 45 DAT not only had larger roots than those at 14 DAT (Table  3) , thus diluting the GLY concentration, but also had more leaves that were formed after GLY application (Table 4) . The leaves formed after GLY application also acted as physiological sinks early in their development. Since the carrot root acts as an energy source for newly forming leaves, photoassimilates move from the root to these leaves. As GLY also moves in the stream of photoassimilates; some of the GLY initially translocated from the treated leaf to the root probably was eventually translocated to those leaves formed after GLY application.
The weight of roots of plants infected by dodder did not increase significantly from 1 to 14 DAT, but that of noninfected plants did (Table 3) . Weight of the whole roots increased from 14 to 45 DAT in both types of plants.
Absorption of 14 C-labeled GLY directly by dodder. Dodder grows on top of the host plant foliage and, in severe infestations, completely covers host foliage. Such a condition may present a physical barrier to GLY reaching the host plant and may have produced the effect seen in field experiments, where dodder infestation apparently protected carrot plants from the phytotoxic effects of GLY (Bewick et al., 1988a) .
One DAT of dodder stems directly with 14 C-labeled GLY, dodder tissue contained an average of 33.2 dpm/mg of dry weight. This amount was eight times the level found in dodder tissue 1 DAT when dodder-infected carrot foliage was treated with 14 Clabeled GLY (Table 1) . Less than 1% of the GLY applied directly to the dodder stems had been absorbed by the dodder tissue, however, while the carrot plant had adsorbed 14% of the applied GLY. Dodder is covered with a thick waxy cuticle that probably was responsible for the low level of absorption directly by the dodder stems. In addition, the concentration of GLY in the solution applied directly to dodder stems was far less than that used on carrot foliage in these experiments. Buhler and Burnside (1983) found that GLY toxicity increased as carrier volume decreased, indicating increased GLY absorption with higher GLY concentration. The relatively high amount of 14 Clabeled GLY in the dodder indicates that direct absorption may have caused phytotoxicity to dodder in field experiments. Therefore, the dodder canopy in field experiments may have presented a physical barrier to GLY reaching the carrot foliage, thus preventing injury to the crop. This factor may be more important than the protective effects of the physiological sink created in the host by the dodder.
The U.S. Environmental Protection Agency has established a tolerance for GLY concentration in the edible portion of root vegetables of 0.2 ppm (U.S. Government Printing Office, 1989). Table 4 . Dry weight of carrot tissue at various times after treatment with 14 C-labeled GLY.
